On one hand, interest on the tunability of the optical microcavities has increased in the last few years due to the need for selective nano-and microscale light sources to be used as photonic building blocks in several applications. On the other, transparent conductive oxide (TCO) β-Ga 2 O 3 is attracting attention in the optoelectronics area due to its ultra wide band gap and high breakdown field. However, at the micro-and nanoscale there are still some challenges to face up, namely the control and tuning of the optical and electrical properties of this oxide.
INTRODUCTION
The use of micro-and nanowires as elements in photonic devices has been a hot issue of significant research recently. In particular, optical microcavities are key elements in such devices, and have been developed for applications in optical filters, lasers 1 or biosensors 2 , among others. Different configurations have been used to guide and confine light inside semiconductor microcavities. In particular, DBR-based microcavities can be created by FIB etching 3 and the high refractive index contrast in these periodic patterns results in shorter device lengths than in other configurations. In addition, DBRs allow tunability on the resonant wavelengths, as the stop band resulting from the periodic pattern can be selected on the whole optical range depending on the DBR parameters 4 .
Among the possible materials to be used for optical microcavities, β-Ga 2 O 3 is of high interest. This oxide combines a very high breakdown field with a wide tunable PL range, spanning from the UV to the IR depending on the dopant used 5, 6 . We have studied waveguiding and confinement on Cr doped Ga 2 O 3 microwires in the past decade [7] [8] [9] [10] . In addition to the phonon-assisted red-NIR broad band and the R-lines 7 , low quality modulations due Fabry-Perot reflections in the wire ends were demonstrated 9 . With the objective of improving their reflectivity and tuning their resonances in the broad red-NIR range, DBR-based Ga 2 O 3 :Cr optical microcavities have been very recently developed and their resonant modes have been thoroughly studied 10 . These microcavities dramatically enhance their optical performance in comparison to the unpatterned microwires. However, size reduction 11 and further improvement on the photon lifetimes, i.e the finesse, of these cavities is needed in order to increase their potential applications. In this work, in the optical performance and tunability range of Cr doped Ga 2 O 3 , DBR-based microcavities is further studied and improved via polarized μ-PL measurements, theoretical models and FDTD simulations.
EXPERIMENTAL
Cr doped Ga 2 O 3 microwires were fabricated in a single step thermal treatment 9 . EDX measurements revealed Cr cation atomic concentration in the range of 0.5 at. %. Some microwires were deposited on a holey carbon TEM grid so that they were suspended in air, except for the carbon "mesh". DBR patterns were milled by FIB in a FEI Helios 650 at 30 kV and 24 pA for the ion column, in order to optimize the sharpness of the features, as analyzed in previous milling work 12 . The design of the DBR dimensions was made by FDTD simulations performed with OptiFDTD software. Ga 2 O 3 has to be considered a dispersive medium in the wavelength range of interest because (ω/n)(dn/dω) is around 0.1 for the current frequencies. Therefore, Sellmeier dispersion relation has been used, with parameters A = 2.31, B = 1.14 and C = 0.24 obtained from fitting Sellmeier expression to experimental data from Al-Kuhaili et al 13 . Morphology and actual dimensions of the FIB patterns were analyzed either with a FEI Inspect or a JEOL JSM 7600F SEM. Room temperature μ-PL spectra were acquired in a Horiba Jobin-Yvon LabRam 800 confocal microscope system with a Kimmon HeCd laser, λ exc = 325 nm, as excitation source. This system allows exciting with the laser in a position different from that of the detection point. . From this image, we obtain the value of the microwire thickness: b = 620 nm. Besides, at least one edge is seen on the lateral sides, indicating that the cross section is not rectangular. This also happens on microwire 1 10 , where the cross section is an irregular hexagon. For simplicity, we also make this assumption on microwire 2. A sketch of the assumed cross section of microwire 2 is shown in figure 1(e). As shown in figures 1(a) and 1(e), two parameters describe the top view of the nanowire: a is the total width as seen from the SEM while a t is the top face of the hexagon. Similar microwire cross sections, ranging from hexagonal to more faceted, on Ga 2 O 3 micro-and nanowires grown by vapor-solid have been reported 14 .
RESULTS AND DISCUSSION
The dimensions of both microwires and their FIB patterns are shown in table I. As it can be seen, microwire 2 has a smaller cross section than microwire 1, the microcavities designed for microwire 2 have shorter lengths than for microwire 1 and all three cavities on microwire 2 are made by 10-period DBRs. All this data indicates an improvement in the size reduction of these optical cavities. Micro-photoluminescence (μ-PL) analysis from the unpatterned microwires as well as from the five cavities has been performed in the confocal microscope. Before patterning, luminescence spectra due to excitation with the UV laser (λ exc = 325 nm) are detected locally from one end of the structure of interest. After patterning, detection is performed on a different point to excitation, as explained elsewhere 9, 10 . Figure 2(a) shows the room-temperature μ-PL image from cavity 2B in these conditions. White dotted lines indicate the wire and DBR positions, for the sake of clarity. In addition, axes are defined: z is parallel to the cavity longitudinal axis (propagation direction), and the transversal axis shown on the PL image is the x axis. The y axis, perpendicular to both, is the optical axis.
Spectra from the unpatterned Ga 2 O 3 :Cr microwires are shown in figure 2(b) . Both present the characteristic red emission due to the incorporation of trivalent chromium ions on this host 7 . No modulations are seen apart from very weak FabryPerot resonances due to reflectivity between the wire ends on microwire 1. On the other hand, strong modulations are observed on all five designed cavities, as shown on the μ-PL spectra on figures 2(c)-(g). For all the spectra, a polarizer was placed with its axis parallel to the x axis, i.e. perpendicular to the light propagation direction within the wire.
A strong polarization dependence of the resonant modes is observed in these cavities, which can be studied analytically by Marcatili and Goell models, as explained elsewhere 10 . In these models, the cavity modes can be divided into two sets depending on their polarization: E x pq and E y pq . The E x pq modes are defined by having H x = 0, while E x and H y dominate. In order to filter them from the E y pq modes, the polarizer is placed between the microwire and the CCD detector as explained above: its axis parallel to x. In this paper we focus on the most intense propagation mode from this set: the fundamental E x 11 mode. For this mode, the dispersion equations for a rectangular waveguide surrounded by air are as follows: 
Where k x , k y and k z are the wavevector components in the waveguide, a and b are the waveguide transversal dimensions, n is the refractive index and k 0 is the vacuum wavenumber. The obtained k z values for each peak must also fulfill the longitudinal resonance condition along the cavity axis:
Where l are consecutive integers for consecutive peaks. Excellent fits are obtained for the most intense resonance peaks in this polarization when assigned to the E x 11 mode in all cavities, both for microwire 1 10 and microwire 2. The identified modulations assigned to E x 11 modes for the five cavities are shown in figures 2(c) to 2(g) with blue dashed lines. Note that the low cavity lengths of microwire 2 give rise to only 3 and 5 resonant peaks on the 680-750 nm range for cavities 2C and 2A respectively. This is an improvement from previous works on these cavities towards the single-mode regime. In order to compare the performance of the DBR cavities, reflectivity (R) values are obtained. Firstly, finesse (F) values corresponding to the wavelength of each peak can be obtained from the ratio of the full width at half maximum (FWHM) of one peak Δν FWHM and the free spectral range between this peak and the next one δν FSR . Secondly, assuming R is the same for the two DBRs that form each cavity, from the experimental F values, R is obtained by rearranging
The reflectivity of a DBR depends strongly on the incident wavelength; hence F and R values vary throughout the PL emission range. A comparison between the top two reflectivity values for the three cavities in microwire 2 and the best performing cavity in microwire 1 (cavity 1A) on the 650-800 nm range is shown on In order to further understand and optimize the DBR cavities, FDTD simulations have been carried out using the commercial OptiFDTD software. The experimentally determined dimensions and actual cross-section of the two microwires, as well as those of the fabricated DBRs (see table I ) have been implemented for the simulations. Figure 3 (a) shows the design for microwire 2. A 10-period DBR with α=210 nm, Λ=470 nm is placed after an incident pulse. This pulse is a Gaussian wave centered on 740 nm which will be partly reflected by the DBR. Detection planes are placed both before the pulse and after the DBR, detecting the reflected and transmitted wave respectively. The reflection and transmission spectra of the DBR designed for microwire 2 is shown in figure 3(b) . Superimposed are the main experimental reflectivities of each cavity. The simulations agree with experimental data, showing a stop band on the 700-750 nm range. Note that reflectivity is also high on the 680-700 nm range, see figure 2 , but the Cr 3+ R-lines at 691 and 698 nm prevent any precise calculations of finesse values in that range. Experimental and simulated reflectivity values are closer in magnitude in this microwire 2 than in microwire 1 10 , proving an improved FIB implementation of the designed cavities. An incident pulse is placed just before the sets of holes and detection planes are placed before and after the DBR in order to obtain the reflected and transmitted spectra. The axes are defined like in fig. 2(a) . (b) FDTD-simulated reflected power spectrum for x polarization on one DBR of microwire 2. Black squares (cavity 2A), black rhombi (cavity 2B) and black stars (cavity 2C) show experimental R values obtained from finesse calculations (table II) . Transmitted spectrum is shown in dashed red lines.
CONCLUSIONS
Cr-doped gallium oxide microwires have been patterned by FIB etching in order to obtain tunable, high-reflectivity DBR-based microcavities. Five microcavities of different lengths have been analyzed, and they display intense resonances in the Ga 2 O 3 :Cr red-NIR range. Their performance is compared experimentally, analytically and by simulations. The cavities from microwire 2 have smaller dimensions and show better reflectivity and tunability than microwire 1. Reflectivity values up to 78% were obtained on the 700-750 nm range from the experimental analysis , in good agreement with the FDTD simulations. On the other hand, the positions of the resonance peaks agree with the analytical models needed for the geometry of the microwires.
